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Host-guest chemistry provides a unique platform for catalysis by combining the 
specificity of homogeneous catalysts with the stability and recyclability of heterogeneous 
catalysts. Metal-Organic Frameworks (MOFs), such as UiO-66 are ideal hosts for host-
guest catalysis. The vast porous network UiO-66 forms is chemically and thermally stable 
and the individual cages that make up the crystals can be modified by simple organic 
syntheses. The method developed in our group provides a mild, synthetically simple route 
for non-covalent organometallic guest encapsulation that decouples host synthesis from 
guest encapsulation.  
In this study, the so-called aperture opening encapsulation method is tested using 
an unstable class of iron-based carbon dioxide hydrogenation catalysts. The study results 
in launching an extensive investigation into the driving force behind aperture opening 
encapsulation with the goal of increasing guest loadings. Various methods to achieve this 
goal are explored including synthesizing novel UiO-66 linkers and taking advantage of 
factors such as columbic force. In conclusion, the information gained from a bigger picture 
examination of aperture opening encapsulation directly leads to guest loadings high enough 
to utilize useful characterization techniques. Accordingly, a standard protocol for 
characterization of iron catalysts encapsulated in UiO-66 is developed.
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Chapter 1: Introduction 
 
1.1 Hybrid Strategy for Catalysis 
 Homogeneous catalysts are characterized by well-defined active sites that catalyze 
reactions with high degrees of selectivity. The selectivity of these reactions is a testament 
to the precise synthetic control of homogenous catalysts, a result of homogenous reaction 
environments.1 A widely used class of homogeneous catalysts is organometallic 
complexes. Such complexes are ubiquitous in essential industrial reactions such as olefin 
polymerization2 and hydroformylation.3 The popularity of such complexes is evident when 
examining the structure of typical organometallic catalysts. A synthetic chemist seeking to 
modify and improve organometallic catalysts has many options available to them. Both the 
transition metal centers and surrounding organic ligands can be exchanged for respective 
alternatives. Oftentimes, organic ligands can even be directly modified by 
nucleophile/electrophile chemistry. These alterations to the primary coordination sphere 
are the most direct ways to regulate the activity and selectivity of organometallic 
complexes.4 Designed changes in steric and electronic effects of these complexes can lead 
to predictable changes in activity or selectivity, so new homogenous catalysts can be 
synthesized as the result of rational design.5 This straightforward process is simplified 
further since methods such as NMR spectroscopy and IR spectroscopy are highly effective 
at characterizing most homogenous catalysts.6 
 Heterogenous catalysts are typically characterized by high activity, stability, and 
recyclability.7 It is because of these attributes that heterogeneous catalysts are preferred for 




phase reactants adsorb anywhere on the surface. This often results in poor product 
selectivity as the active sites are simply surfaces. However, the surfaces in question are 
stable at elevated temperatures so the thermodynamics and kinetics of the reactions can be 
manipulated with ease. This highlights one of the drawbacks of using homogenous 
catalysts in industry. Oftentimes, organometallic catalysts decompose at temperatures that 
are industrially relevant.1 Alteration of reaction conditions can have significant 
ramifications on the integrity and subsequent reactivity of homogeneous catalysts.  
A hybrid strategy combining characteristics of homogeneous and heterogeneous 
catalysts would overcome the instability issues associated with organometallic catalysts 
and the poor selectivity of surface chemistry 9. Host guest chemistry provides a platform to 
execute this strategy through the introduction of organometallic guests into a porous 
heterogeneous host. The host could provide the organometallic catalyst with increased 
levels of stability, allowing reactions to be run in conditions that lead to higher turnover 
but were incompatible with homogeneous catalysts. Additionally, the guests could be 
recycled or manipulated to catalyze reactions in flow. 
This strategy also enables alteration of the chemical environment around guest 
molecules without direct alteration of the guest itself. An environmental change can be 
accomplished by altering the host material or by the act of confining the guest within the 
host.10 Circumventing direct changes to guest structure is especially desirable in cases 
where such changes are synthetically challenging or detrimental to the integrity and 
subsequent reactivity of the guest. In this way, host-guest chemistry can be used as a new 





1.2 MOFs as Host Materials 
 The choice of host material depends mostly on the application of the host-guest 
system. For systems where improving catalyst stability is the primary goal, rigid materials 
such as zeolites have been widely used. The porous nature of zeolites results in a large 
surface area for encapsulation of guests and the strong silicon-oxygen bonds result in a 
rigid crystalline structure. The crystallinity of zeolites can be maintained at temperatures 
exceeding 600 °C.11  For systems where enhancing activity or changing selectivity is the 
primary goal, highly modular materials such as polymeric networks are used. The organic 
components of polymers provide synthetic handles to fine tune the polymer structure. By 
changing the polymer structure, the chemical environment around the organocatalytic 
guest can change in turn. The ideal host material would combine synthetic tunability with 
high thermal stability and this can be achieved by using metal organic frameworks (MOFs) 
as hosts.12 
 MOFs are crystalline porous coordination polymers composed of metal nodes 
connected by organic linkers. Varying the node-linker pairing can drastically change the 
shape of a MOF unit cell which is propagated throughout the MOF to form long crystalline 
networks of cages or tunnels. One of the most widely studied MOF structures is UiO-66 
(Figure 1), which is made from zirconium-oxo cluster nodes connected by terephthalic acid 
linkers.13 Each node is bound by 12 linkers, resulting in an extended network of alternating 
octahedral and tetrahedral cages.  The strong zirconium-oxygen bond endows UiO-66 with 
exceptional chemical and thermal stability. The MOF that forms can only be broken down 
by exposure to hydrofluoric acid or temperatures exceeding 800 °C. This means that UiO-




the range of catalytic conditions for which organometallic complexes can be useful. In 
addition, the arene moiety of terephthalic acid provides a handle for synthetic manipulation 
of the MOF. Various substitution reactions can be carried out on the linkers of UiO-66 
before MOF synthesis and on the formed MOF cages after synthesis.14 Tuning the linker 
can change both the electronic nature of the MOF linker and the steric environment around 
the MOF pore. In this way, the chemical environment around encapsulated organometallic 
guests can be altered.15, 16  
The two most common strategies for encapsulation of organometallic guests into 
MOF pores are De novo encapsulation17 and ship in a bottle synthesis.18 In De Novo 
encapsulation, synthesis of the MOF and encapsulation of a guest occurs in one pot. This 
process is synthetically straightforward. The MOF nodes and linkers are combined with 
the guest of choice and a MOF modulator. The modulator, usually hydrochloric or acetic 
acid, is added substoiciometrically to control MOF crystal growth. The MOF cages are 
assembled around the organometallic guests forming the completed network of hybrid 
material. While simple to perform, the drawback of this method is that many 




organometallic catalysts are unstable in high temperature, harshly acidic MOF synthesis 
conditions. This severely limits the range of complexes that can be encapsulated.  
 The ship in a bottle synthesis strategy occurs at much more mild conditions than 
De novo synthesis, avoiding catalyst decomposition. This strategy relies on diffusion of 
guests into the pores of pre-synthesized MOF crystals. In order for guest leaching to not be 
a concern, the size of the guest should be smaller than the MOF pore but larger than the 
MOF aperture. Since guests larger than the MOF aperture won’t diffuse into the MOF 
pores,15  relying on diffusion of the fully formed guest into the pores isn’t an option. 
Figure 1.2 Examples of a. de novo synthesis19 and b. ship in a bottle synthesis.20 a. De 
novo encapsulation of catalase to form catalase@ZIF-90 for hydrogen peroxide reduction. 




Instead, the MOF powder is exposed to a small catalyst precursor. The smaller precursor 
can diffuse through the MOF pores and will eventually reach equilibrium with the 
exogeneous precursor in solution. In the second step of this method, the catalyst is formed 
in the pores of the MOF by adding stoichiometric amounts of a reagent (reductant, ligating 
agent, etc.). Decoupling MOF synthesis and catalyst incorporation results in a higher level 
of control but this approach has its limitations. This method relies on diffusion of reagents 
throughout the MOF crystals which isn’t guaranteed. Also, it is difficult to determine 
whether the precursor has been quantitatively converted to the desired catalyst. The ideal 
method for hybrid catalyst formation would completely decouple synthesis of the guest 
from synthesis of the host and could occur without catalyst decomposition. Joint work done 
in the Byers and Tsung labs at Boston College has uncovered a method for guest 
encapsulation in this manner.21 
 
1.3 Aperture Opening Encapsulation 
 In the presence of polar protic solvents, the linkers of UiO-66 undergo a 
dissociative exchange process.22,23 The exact nature of the process isn’t fully understood, 
but it is hypothesized that terephthalic acid linkers are protonated by the solvent, promoting 
dissociation from the node. The now nucleophilic deprotonated solvent can temporarily 
bind to the now electrophilic node. This process is reversible and eventually linkers will 
reattach to nodes to maintain UiO-66 crystallinity.24 The linker dissociation process has 
been previously leveraged to exchange terephthalic acid with functionalized linkers or to 
introduce more defects in the MOF over long periods of time. Our labs have instead 




than the MOF aperture.25 When a terephthalic acid molecule dissociates, the size of the 
MOF aperture increases from 6 Å to 12 Å. This opens the door for diffusion into MOF 
pores of guests that would otherwise be too large. This method for guest encapsulations 
has advantages over the de novo and ship in a bottle methods. The conditions for this so-
called “aperture opening encapsulation” are quite mild: 55 °C for 24 hours. Encapsulation 
occurs in one pot and can be performed under, but does not require, an air-free 
environment. Encapsulation only occurs in polar, protic solvents (with the exception of 





acetonitrile which promotes linker exchange in a unique manner) so catalytic reactions can 
be carried out in aprotic solvents with no guest leaching.  
 We have previously demonstrated the merit of this method by encapsulating a 
ruthenium complex that is highly active for hydrogenation of carbon dioxide to formic 
acid.26 This specific organometallic catalyst contains a ruthenium core, a tridentate P-N-P 
ligand, a CO ligand, and two X type ligands (Cl, H). This catalyst (RuPNP), although 
active, does undergo bimolecular decomposition in its active state. We hypothesized that 
by encapsulating RuPNP into UiO-66 using our simple method, isolation of the catalysts 
could be effectively achieved, and bimolecular decomposition eliminated. When compared 
to the homogenous RuPNP catalyst, our  hybrid construct [RuPNP]@UiO-66 showed no 
evidence of bimolecular decomposition and was in fact instilled with novel recyclability.25 
Thy hybrid construct also showed an increased tolerance to bulky thiol poisoning. 
 
1.4 Research Motivation 
 Through subsequent studies, we have demonstrated the value of aperture opening 
encapsulation as a general and straightforward method of forming host-guest catalysts. We 
have encapsulated various ruthenium and iridium hydrogenation catalysts27, as well as 
dirhodium complexes for C-H activation. We have also demonstrated the catalytic utility 
of the method. Catalysts encapsulated by our method have demonstrated increased stability 
and recyclability.25 My research motivation is two pronged: Expanding the scope of this 
method to include complexes that wouldn’t be isolable outside UiO-66, and breaking 
ground on a universal platform for complete characterization of guest species in MOF 




demonstrate unique catalytic activity and selectivity. The latter for deepening our 
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 As mentioned in Chapter One, aperture opening encapsulation has been applied 
only to catalysts with a relatively high degree of stability.1,2 The Milstein catalyst (RuPNP), 
for example, undergoes bimolecular decomposition in its active form but is air-stable and 
can sit on a benchtop in its precatalyst form for several weeks without decomposing.3 The 
next step in expanding the utility of the method is examining its effectiveness with 
complexes that are more unstable. This chapter describes our efforts at encapsulating an 
unstable iron complex active for CO2 hydrogenation to formic acid. I will discuss the 
results of this study and how the information gained from these experiments revealed the 
need for the work done in Chapters Three and Four.  
The complexes in question, developed by the Bernskoetter and Hazari groups at the 
University of Missouri and Yale University respectively, will be referred to in this chapter 
as FePNP catalysts (1).4 They are similar in structure to the previously discussed RuPNP 
catalysts. The FePNP catalysts were chosen for this study due to their similarity to RuPNP, 
a group of catalysts which we have some familiarity working with.1 These complexes 
demonstrate unprecedented activity for first-row homogenous hydrogenation of carbon 
dioxide to formate. However, they suffer from bimolecular decomposition as well as 
several other decomposition pathways that are currently not well-understood. While the 
complexes are stable enough to be synthesized and kept in a glovebox for several weeks, 
they are prone to ligand substitution reactions. We proposed that encapsulation of this 




bimolecular encapsulation since we made the same observation with RuPNP. We were 
hoping this study will demonstrate a further degree of instilled stability as a result of 
isolating and shielding unstable, active intermediates from decomposition. This could open 
the door for not only increasing stability but also enhancing and revealing new reactivity. 
 
2.2 Stability of Iron Complexes to Encapsulation Conditions in UiO-66 
To determine whether FePNP (1) could serve as viable guests in UiO-66, the 
stability of the complexes in aperture-opening conditions was first examined. The 
complexes were subjected to the encapsulation procedure developed by our group. 
Scheme 2.1 Common products of exposing FePNP to encapsulation conditions with 
UiO-66 present. X = OOCH (1a) , or HBH3 (1b) 




Encapsulation was performed  using either methanol or acetonitrile, both of which promote 
facile MOF linker exchange.5 Complex stability was analyzed after encapsulation by 31P 
NMR spectroscopy of the encapsulation supernatant and complex loading in UiO-66 was 
analyzed by digestion and subsequent ICP-OES. (Table 2.1) Since polar protic solvents 
promote fast linker exchange, encapsulation in methanol was tested first.6 When methanol 
was used as the linker exchange solvent, 0% of X = OOCH and X = HBH3 complex 
remained intact. Both complexes decomposed to a combination of free PNP ligand (3) and 
oxidized free PNP ligand (4). The measured phosphorous to iron elemental ratios in 
digested UiO-66  samples of both complexes were less than 0.05, far lower than the 
theoretical elemental ratio of 2. These findings suggest that methanol displaces the PNP 
ligand from the iron center of the complexes possibly resulting in iron aggregation within 
UiO-66 pores. Complex decomposition ruled out methanol as a viable aperture opening 
encapsulation solvent for FePNP. An interesting exception to polar protic rule for linker 
exchange is acetonitrile.2 For reasons currently not well-understood, acetonitrile promotes 




linker exchange at the same rate as most polar protic solvents. Since the complexes used 
for this study decomposed in methanol, we next examined their stability in acetonitrile. 
When acetonitrile was used as the linker exchange solvent, a significant amount of each 
complex remained intact. When formate was used as a ligand, 85% of the complex 
remained intact and 15% of the complex decomposed to free oxidized ligand. Interestingly, 
when entry 4 was repeated with no UiO-66 present, 85% of the complex remained intact 
and 15% of the complex decomposed instead to free PNP ligand. (Figure 2.2)  It is possible 
that acetonitrile displaces the PNP ligand on 15% of complexes and when the zirconium-
oxo cluster nodes of UiO-66 are present, that 15% of complexes are oxidized. It is 
important to note that the solvent and MOF underwent extensive drying and degassing 
procedures and we are certain there was no oxygen present in the system. That the UiO-66 
node could oxidize free ligand is intriguing as there are no reported instances of the 
zirconium-oxo node of UiO-66 used as an oxidant in this way. Due to high catalyst stability 
Table 2.1 Elemental ratios of FePNP complexes after exposure to aperture 




and reasonable zirconium to iron and phosphorous to iron elemental ratios, encapsulations 
from this point on were performed using acetonitrile and FePNP-OOCH. 
 
2.3 Activity of [FePNP]@UiO-66 for CO2 Hydrogenation 
The activity of [FePNP]@UiO-66 for CO2 hydrogenation was directly compared to 
the values reported for homogenous FePNP complexes by Hazari and Bernskoetter. As 
shown in Table 2, the homogenous complex was six times as active as [FePNP]@UiO-66. 
This difference in activity was surprising since separating the catalysts and preventing 
bimolecular decomposition was hypothesized to increase stability. Due to the seemingly 
poor stability of FePNP in encapsulation conditions, we suspect that not enough complex 
remained intact within UiO-66 for a direct comparison to the homogenous complex. 
Despite the disconcerting observed decrease in activity, recyclability provided by the MOF 
would be encouraging evidence that forming the host-guest composite is advantageous. 
 
2.4 Recyclability of [FePNP]@UiO-66 
To determine if [FePNP]@UiO-66 was recyclable for CO2 hydrogenation, 
encapsulation and hydrogenation were both run at five times scale. (See experimental 
Table 2.2 Decrease in activity of encapsulated FePNP complex. TON is calculated based 




section) TON was calculated using iron concentrations measured by ICP-OES and formate 
concentrations measured by 1H NMR spectroscopy (Table 2.3). While one cycle of 
hydrogenation resulted in a TON of 7800, subsequent rounds of hydrogenation resulted in 
total loss of activity. Additionally, phosphorous to iron elemental ratios plummeted with 
subsequent rounds while the overall iron loading in UiO-66 remained constant. This 
suggests that the hydrogenation conditions decompose the catalyst when UiO-66 is present. 
It is possible that in reducing, high H2 pressure environments the iron complexes 
preferentially bind to the arene moieties of UiO-66 linkers,7 displacing PNP ligand in the 




 Complex 1 fully decomposes when methanol is used as the solvent for aperture 
opening encapsulation when X = OOCH and HBH3. When acetonitrile is employed, 
FePNP-OOCH greater signs of stability including a 1.3 phosphorous to iron elemental ratio 
determined by ICP-OES. The encapsulated complex [FePNP-OOCH]@UiO-66 showed 
catalytic activity for CO2 hydrogenation six times less than the homogeneous complex 
FePNP-OOCH. When subjected to subsequent rounds of CO2 hydrogenation, [FePNP-





OOCH]@UiO-66 showed turnover for only one cycle. Determination of elemental ratios 
by ICP-OES revealed that most of the phosphorous-and corresponding ligand-is removed 
from the system after one reaction cycle yet the total iron content remains consistent, 
suggesting PNP ligand displacement and iron aggregation. Ultimately, FePNP is too 
unstable in both encapsulation and hydrogenation conditions to be employed as a candidate 
for host-guest catalysis using UiO-66.  
As mentioned previously, the Hazari and Bernskoetter complexes were chosen for 
this study due to their inherent instability. If we were successful in encapsulating unstable 
complexes and instilling a degree of stability upon them, we would be one step closer to 
the possibility of using MOFs to isolate novel unstable complexes. This would be 
advantageous because novel complexes could show novel catalytic activity and/or 
selectivity. It is clear from these experiments that the FePNP complexes chosen were too 
unstable in the presence of UiO-66 to be guests in the hybrid catalyst strategy. It is unclear 
however, why that is the case. Our leading hypothesis for the low activity of FePNP@UiO-
66 is that most iron in the MOF pores is reduced during high [H2] reaction conditions. We 
believe this might be the case because the amount of iron in the MOF doesn’t change 
through three rounds of subsequent hydrogenation while the amount of phosphorous 
(ligand) in the MOF decreases to nearly zero in the same time frame. We have no other 
evidence to currently prove this hypothesis. If guest loadings were increased to 1%, we 
could potentially use SEM to observe iron nanoparticle formation but at the current guest 
loading of 0.3% this is impossible. This raised a glaring issue with our aperture opening 
strategy: The guest loadings are too low to characterize species within the MOF pores. 




pores are the intended organometallic complexes. Solving this problem is the next logical 
step of this work and will be the focus of Chapters Three and Four of this manuscript. 
 
2.6 Methods 
General Considerations. Unless otherwise stated, all reactions were performed 
using oven-dried glassware in a nitrogen atmosphere glovebox or using standard Schlenk 
line techniques.8 Solvents including acetonitrile, tetrahydrofuran, and pentane were 
purified by passage through an activated alumina column under a blanket of argon. 
Tetrahydrofuran and pentane were degassed by brief exposure to vacuum. Acetonitrile was 
degassed by freeze-pump-thaw cycling. Methanol was dried over calcium hydride 
followed by vacuum transfer and degassed by freeze-pump-thaw cycling. Anhydrous 
N,N’-dimethylformamide (99.9% purity) was purchased from VWR and used without 
further purification. All solid reagents were purchased from Aldrich and used without 
further purification. 1.8-diazabicylco [5,4,0] undec-7-ene was purchased from Alfa, dried 
over molecular sieves followed by vacuum transfer. Compressed hydrogen and Bone Dry 
3.0 Grade carbon dioxide cylinders were purchased from Airgas. All iron-based 
hydrogenation catalysts were synthesized by members of the Hazari Research Group at 
Yale University following their established procedures4,9 and transported over dry ice. 
Catalyst integrity was verified immediately upon receiving and before each use by 1H and 
31P NMR. (chemical shifts listed below) The catalysts were stored in a freezer at -40 °C 
when not in use.  
1H and {1H}31P nuclear magnetic resonance (NMR) spectra were recorded at 
ambient temperature on Varian VNMRS operating at 400, 500, or 600 MHz. 




spectra and phosphoric acid (H3PO4: 0.0 ppm) for {1H}31P NMR spectra. The line listings 
for NMR spectra of all compounds are reported as follows: chemical shift (multiplicity, 
coupling constant, integration). All NMR spectra were taken using J. Young tubes. Powder 
X-ray diffraction traces were collected on a Bruker AXS diffractometer with Cu Kα 
radiation (λ=1.5418 Å). All centrifugation steps were performed at 3000 revolutions per 
minute for 10 minutes unless otherwise noted. Inductively coupled plasma optical emission 
spectrometry (ICP-OES) was recorded using an Agilent 51000 calibrated using known 
concentrations of standard solutions as discussed below. 
NMR Spectral Data for (iPrPNP)Fe(CO)OOCH(H). (1a) 1H 
NMR (C6D6): δ -23.89 (t, 56 Hz, 1H), 0.90 (m, 6H), 1.13 (m, 6H), 1.18 
(m, 6H), 1.45 (m, 6H), 1.51-1.58 (m, 4H), 1.83 (s, 3H), 1.96-2.10 (m, 
6H), 2.31 (m, 2H), 9.22 (s, 1H). 31P{1H} NMR (C6D6): δ 87.23 (s) 
ppm. 4 
 
NMR Spectral Data for (iPrPNP)Fe(CO)HBH3(H). (1b) 1H 
NMR (C6D6):δ= -36.07 (s, 1 H), -23.04 (t,1 H) -12.09 (s, 1 H), 0.77-
1.49(m, 35H) 2.38(m, 2H), 2.96(m, 2 H), 4.49 (b, 2 H) ppm. 9 
 
Procedure for Synthesis of UiO-66. Adapted from literature. 
N,N-dimethylformamide (10 mL) was added to a glass scintillation vial along with 
zirconium tetrachloride (241.4 mg, 1.036 mmol) and concentrated hydrochloric acid (180 
μL) and sonicated for five minutes. Additional DMF (15 mL) was added to a second glass 




minutes. The contents of both vials were combined in a 45 mL Teflon-lined steel autoclave 
tube, sealed shut, and heated at 220 °C for 20 hours. The reaction mixture was cooled to 
room temperature, isolated by centrifugation, and washed three times with DMF. After 
soaking overnight in DMF, the solid was isolated by centrifugation and washed three times 
with methanol. After soaking overnight in methanol, the solid was isolated by 
centrifugation, dried overnight in a vacuum chamber, and dried overnight in an oven at 70 
°C (82%). The solid was further dried in a Büchi B-585 Glass Oven under vacuum at 200 
°C for 24 hours. Under a nitrogen atmosphere, acetonitrile was vacuum transferred to UiO-
66 and the slurry was degassed by freeze-pump-thaw cycling. Acetonitrile was then 
evaporated. Powder X-Ray diffraction traces matched literature precedents.10 
 
Procedure for Encapsulation of FePNP-X complexes in UiO-66. In an inert 
atmosphere glovebox, UiO-66 (50 mg) and (iPrPNP)Fe(CO)X(H) (5 mg) were added to a 
round bottom flask equipped with a stir bar and a 180° ground glass joint. The apparatus 
was removed from the glovebox and solvent (10 mL) was vacuum transferred to the flask 
on a Schlenk line. The flask was heated to 55°C and reacted with stirring for 24 hours. 
After cooling, the apparatus was brought into the glovebox and the mixture was transferred 
to centrifuge tubes. After centrifugation and two wash cycles with acetonitrile, the 
supernatant was set aside for 31P NMR analysis and the solid was dried under vacuum.   
 
Digestion of UiO-66 for ICP-OES analysis. UiO-66 (5.0 mg) was added to a 1.5 
mL Teflon vial. Dimethyl sulfoxide (300 μL) and 15 wt% hydrofluoric acid in deionized 




for one hour. The samples were then heated to 150°C for four hours in a sand bath open to 
air to remove DMSO. The resulting solid was dissolved in 10 vol% hydrochloric acid in 
deionized water (300 μL) and transferred to a glass scintillation vial. Additional deionized 
water (3.7 mL) was added, the sample was filtered over celite, and the resulting solution 
analyzed by ICP-OES. 
 
ICP-OES Standard Preparation. Stock solution of elements in deionized water 
were purchased from inorganic ventures: zirconium (999 ± 5 ppm), iron (1000 ± 2 ppm), 
and phosphorus (100 ± 0.6 ppm). From the stock solutions, four standards were prepared 
by serial dilution using grade A volumetric glassware to cover the expected concentration 
ranges. The standards were used to generate a calibration curve before collecting ICP-OES 
data. These standards consisted of Zr/Fe/P concentrations in ppm at the following 
concentrations: (1) 250/5/5 (2) 150/2/2 (3) 25/0.5/0.5 (4) 2.5/0.05/0.05 
 
Preparation of FePNP Stock Solution. (iPrPNP)Fe(CO)(OOCH)(H) (5.0 mg, 13.9 
μmol) were added to a 20 mL scintillation vial in a glovebox atmosphere. tetrahydrofuran 
(3.00 mL) was added to the vial. This solution was diluted to 0.03 μM using tetrahydrofuran 
and class A volumetric glassware. 
 
General Procedure for Hydrogenation of CO2 to Formic Acid. For homogeneous 
catalysis, stock solution of (iPrPNP)Fe(CO)(OOCH)(H) (3.0 mL) was added to a 5.0 mL 
glass ampule. For heterogeneous catalysis, the solid material (10 mg) was suspended in 




diazabicyclo[5,4,0]undec-7-ene (0.493 mL, 3.30 mmol), lithium triflate (73 mg, 0.47 
mmol) was added to each ampule along with a stir bar. The ampules were arranged in a 
450 mL stainless steel Parr reactor which was sealed shut and removed from the glovebox. 
The vessel was placed on a Parr instrument stand attached to a heating mantles atop a stir 
plate. The reaction vessel was purged with carbon dioxide for five minutes and pressurized 
to 500 psi. The vessel was then pressurized with compressed hydrogen to a total pressure 
of 1000 psi. The vessel was heated to 80°C and stirred for 16 hours. After cooling, pressure 
was released from the vessel and the sealed vessel was brought into the glovebox. The 
contents of each heterogenous reaction were subjected to centrifugation and the 
supernatants were analyzed as described below. The contents of each homogenous reaction 
were analyzed as described below without further manipulation. Formic acid production 
was quantified using 1H NMR spectroscopy using benzene (0.01 mL) as an external 
standard in an aliquot of sample (0.25 mL) and deuterium oxide. (0.45 mL) 
 
Procedure for CO2 Hydrogenation Recycling Studies using [FePNP]@UiO-66. 
Hydrogenation was carried out according to the general procedure listed above at 5x scale 
in a 20 mL ampule. The solid was washed twice with tetrahydrofuran and dried under 
vacuum between cycles. 
 
Procedure for STA analysis. Analysis was carried out using a NETZSCH STA 
449F1 instrument in Al2O3 crucibles. All measurements were taken using air as carrier gas 




at 10°C/min and held at constant temperature for 12 hours. After cooling to room 
temperature, samples were ramped to 900°C at 5°C/min. 
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Chapter 3: Towards the goal of Increased Guest Loading in UiO-66 
 
3.1 Introduction 
 As discussed in Chapter 2, a major limitation of the aperture opening 
strategy is the ability to accurately characterize encapsulated guest species. 
Characterization techniques such as NMR spectroscopy or X-Ray crystallography are 
widely used to characterize homogeneous organometallic catalysts.1 Oftentimes, these 
methods are easy to access, easy to use, and provide data that can be interpreted 
immediately. The data gathered can be used to determine the exact structure of the complex 
down to the atomic level. For heterogeneous catalysts, surface characterization happens at 
more of a bulk level. Techniques such as powder X-Ray diffraction and electron 
microscopy provide information on the integrity of the structure as a whole but struggle to 
define the material atomically.2 For most MOFs, the data gathered from techniques like 
TGA and N2 sorption measurements can be used to indirectly draw conclusions about the 
MOF crystals as a whole.3 In summation, characterizing MOFs and organometallic 
complexes independently is straightforward and are well-developed fields. Examining the 
hybrid material formed from encapsulation of organometallic complexes into MOF pores 
is much more difficult. Surface characterization techniques don’t provide information 
about the integrity of guests in the MOF pores and atomic characterization techniques are 
limited due to interference from the MOF and low concentration of guest. 
 This chapter will outline initial efforts to increase loading of guests into MOFs. The 
information obtained from that study is applied to a model iron complex to achieve 
loadings in UiO-66 upwards of 1 wt%. At such high loadings, characterization techniques 




applying those techniques will be reported in this chapter. Additionally, this chapter will 
conclude with a standard protocol for characterizing iron complexes encapsulated in UiO-
66. We hope this platform can be used by our group and others for future projects regarding 
the isolation of unique iron complexes in UiO-66 pores. Specifically, our group plans on 
investigating the extent to which UiO-66 can stabilize low-coordinate iron complexes that 
would otherwise not be isolable. 
 
3.2 Effect of Exogenous Guest Concentration 
In order to evaluate the effectiveness of different analytical instruments at 
characterizing guests encapsulated in MOF pores, the relative concentration of guest to 
host (loading) must be increased from that of previous studies. We varied the exogenous 
concentration of a model guest Rhodamine 6G (1) during encapsulation into UiO-66 and 
determined loading via UV-vis absorbance spectroscopy. (Figure 3.1) The concentration 
of Rhodamine 6G was 70 mM in experiments with acetonitrile and 840 mM in experiments 
with methanol. These concentrations represent the limit of solubilities of the dye in each 
solvents. In each experiment, rhodamine 6G was subjected to linker exchange conditions 
in the presence of UiO-66 (Scheme 3.1). After the specified time, the solid was isolated, 
digested, and analyzed by UV-Vis spectroscopy to determine the loading of rhodamine 6G 





(wt%) in UiO-66. In all experiments, the sample was washed extensively with a 10% 
Polyvinylpyrillidine in methanol solution to remove surface-bound dye.  
 When methanol was used as a linker exchange solvent, a maximum loading of 1.2 
wt% was observed after three days. (Figure 3.1) The initial rise in loading was predictable 
as was an eventual leveling off of dye wt%. We hypothesized that an equilibrium between 
encapsulated and exogeneous dye would eventually be reached. However, when 
acetonitrile was used, no maximum loading had been reached after 7 days and loading 
increased linearly. After seven days, Rhodamine 6G loading was recorded at 4.8 wt%. It 
was surprising that the wt% of guest during encapsulation in acetonitrile didn’t reach 
equilibrium. A further investigation into this cause is reported below (Chapter 3.2.1).  
In both solvents, increasing exogenous dy concentration past the limit of solubility 
did not affect loading. However, in the regime where all guest was soluble, increasing 
exogenous dye concentration did lead to an increase in loading. This suggests that 
























loading. Only dye molecules in solution are able to diffuse into the MOF pores, introducing 
super-saturated guest concentrations during linker exchange drives the dye into solution 
and accelerates encapsulation. Perhaps encapsulation of transition metal catalysts could be 
increased by running future encapsulations at the limit of catalyst solubility. 
 
3.2.1 Role of Acetonitrile in Aperture Opening Encapsulation 
The difference in loading between solvents could be attributed to differences in 
mechanisms by which the solvents promote linker exchange. It has been hypothesized 
previously that protic solvents aide linker dissociation by first protonating the linker 
followed by nucleophilic attack of the alkoxide solvent on the node.5 We have previously 
reported that polar protic solvents result in increased guest encapsulation which agrees with 
this hypothesis.6 However, acetonitrile is the only aprotic solvent we have observed that 
results in linker exchange rates comparable to protic solvents. The cause of the difference 
in loading is currently unknown but provoked the following thermal gravimetric analysis 
study into the role of acetonitrile in aperture opening encapsulation. 
The method established by the Lillerud group7 for quantifying defects in UiO-66 
relies on mass measurements recorded by TGA at 270 °C (to remove all solvent, and 
dehydroxylate the nodes) and 900°C (to break down UiO-66 completely). The number of 
linkers (X) is then calculated by the following formula, 
 





where W270 = weight at 270°C, W900 = weight at 900°C, and Wtheo.270 = the ideal 
weight of a defect free UiO-66.7 We exposed UiO-66 to either water, methanol, or 
acetonitrile at 55°C for 72 hours. After this time, TGA was performed on the dried solvent 
to determine number of linkers per node (Figure 3.2). For reference, standard defect-free 
UiO-66 was calculated to contain 11.3 linkers per node. After 72 hours of linker exchange 
conditions, acetonitrile appears to generate over 1.5 more defects per node than water or 
methanol. Causing more defects in the structure had no change on the crystalinity of the 
MOF as verified by pXRD. However, the ability to generate more defects could explain 
why loading of guests in acetonitrile was greater than in methanol. This capability of 
acetonitrile as a linker exchange solvent could be levereged to increase guest loading or for 
more strategical purposes such as engineering tunnels through MOF crystals. 
 It is important to note that the introction of an extra 1.5 defcts per node does not 
lead to increased guest leaching. In a previous study by our lab,8 two different ruthenium 
catalysts (RuPNP and RuPNN) were encapsulated in the same MOF. RuPNP and RuPNN 
show complementary stability in methanol and acetonitrile. RuPNP is stable in methanol 
Figure 3.2 Cartoon Representation of Linkers per Node as Calculated by TGA. 




but decomposes in acetonitrile and RuPNN is stable in acetonitrile but decomposes in 
methanol. To circumvent catalyst decomposition, encapsulation of the two catalysts was 
done sequentially. RuPNN was encapsulated into UiO-66 in acetonitrile and after drying, 
RuPNP was encapsulated into the same UiO-66 sample in methanol. By ICP-OES, the 
loading of the RuPNN did not change during the second encapsulation step. This is 
evidence that guest leaching was not increased using acetontrile.  
 
3.3 Synthesis and Characterization of Model Iron Complex 
 The organometallic complex chosen for this study needed to be simple to 
synthesize, simple to characterize, inexpensive, and stable to aperture opening 
encapsulation. With these concerns in mind, the complex chosen was an iron (II) chloride 
with a β-diketiminate bidentate ligand (2). This “nacnac” class of compounds has been 
studied extensively by organometallic research groups such as the Holland group and 
represents one of the most stable three-coordinate complexes in literature.9 In addition to 
our group’s experience working with iron nacnac complexes, the complexes provide a 
starting point for transformations to lower-coordinate, more unstable complexes. This 
Figure 3.3 Highly modifiable "nacnac" ligand framework (left) 





complex satisfies the short-term needs of this study while remaining aligned with the future 
long-term projects. The synthesis of complex 2 was adapted from previously reported 
syntheses in our group10 and a nitrile group was installed at the backbone of the nacnac 
framework to act as an IR probe. The synthesis of complex 2 is shown in scheme 3.2. The 
first condensation step is high yielding for a variety of substituted electron rich anilines. 
The backbone was deprotonated using n-butyllithium and tosyl cyanide was introduced as 
an electrophile. The ligand was again deprotonated using n-butyllithium and the resulting 
lithium salt was isolated and weighed in a glovebox. Ligation was carried out in THF using 
iron(II)chloride to yield complex 2. The complex’s stability in encapsulation solvents was 
tested and methanol was found to decompose the complex to free ligand. For this reason, 
acetonitrile was the only solvent used for the rest of this study. Complex 2 was synthesized 
in high yield and characterized by IR Spectroscopy, UV-Vis Spectroscopy, NMR 
Spectroscopy, and Mossbauer Spectroscopy.   
Scheme 3.2 Synthesis of nacnac-iron(II) chloride. a. HCl. EtOH, 80°C, 72 hrs. b. i. 
nBuLi, THF, -78°C-rt, 2 hrs. ii. TsCN, THF, -78°C-rt, 12 hrs. c. nBuLi, pentane, 0°C, 10 
mins. d. FeCl2, THF, rt, 16 hrs 





The IR spectrum of the complex (Figure 3.4) has a diagnostic stretch at 2176 cm-1 
corresponding to the CN triple bonds of the nitrile group. The spectrum also shows an 
imine CN double bond peak at 1574 cm-1 which can be also be used for diagnostic 
identification. Fluorescence spectrum showed no fluorescence, but UV-Vis spectrum 
showed absorbance at 435 nm. An NMR spectrum of complex 2 was recorded in THF and 
the shifts are reported in the methods section of this chapter. Lastly, Mossbauer 
spectroscopy (figure 3.5) was performed on complex 2. The isomer shift (δ) of the complex 
is at 0.9 mm/s and the quadrupole splitting (ΔEQ) is 2.27 mm/s. Both of these values suggest 
a low-spin iron(II) complex. 





3.4 Characterization of Iron Complex @ UiO-66  
The study conducted in Chapter 3.2 revealed that a viable strategy for increasing 
loading is performing aperture opening encapsulation under a concentration of guest 
beyond its solubility limit. With that in mind, the concentration of Complex 2 was set at 
70 mM for these studies. After subjecting Complex 2 to aperture opening conditions, 
(Scheme 4.2) the resulting MOF was isolated by centrifugation, washed extensively, and 
characterized by the previously stated techniques. By ICP, the loading of 2 was observed 




to be 2.4 wt%. This value represents the highest guest loading of an organometallic catalyst 
achieved by our group. 
 From IR analysis (figure 3.6), the diagnostic nitrile peak at 2176 cm-1 remains in 
the spectra. This is a promising sign that IR will be a viable technique for complex@UiO-
66 characterization. However, multiple other peaks have emerged between 2136 and 2208 
cm-1 that we are unable to identify. In past applications of aperture opening encapsulation, 
a “pre-treatment” step was typically employed to remove surface bound catalyst. In the 
cases involving CO2 hydrogenation, the pre-treatment step consisted of performing a cycle 
of hydrogenation. The high-pressure environment of the hydrogenation reaction was 
accredited with removing surface bound catalyst. In this study, no analogous pre-treatment 
step was performed so one of the unknown peaks could correspond to the CN triple bond 
stretch of surface bound catalyst. An alternative hypothesis is that the effect of confinement 
could shift the IR stretch. The Mossbauer spectrum of Fe@UiO-66 shown in Figure 3.7 
shows only one major iron complex associated with the MOF. The multiple IR stretches in 
the nitrile region could be different forms of the complex, surface bound and encapsulated. 






We have evidence that the confinement effect in UiO-66 is strong enough to alter 
absorbance spectrum of encapsulated rhodamine 6G dye.  Future work will go into 
investigating this hypothesis. Examining the IR spectra of virgin UiO-66,  (see methods 
section, Figure 4.6) reveals a wide region with zero prominent stretches between 750 and 
1050 cm-1. Complexes that have diagnostic stretches within this region would be easy to 
observe once encapsulated in UiO-66. 
Mossbauer Spectroscopy was performed on [Fe]@UiO-66. The spectrum recorded 
shows two peaks. The dominant peak (93%) has an isomer shift of 0.88 mm/s, quadrupole 
splitting of 2.28 mm/s and can be attributed to Complex 2. The minor peak (7%) has an 
isomer shift of 0.39 mm/s and quadrupole splitting of 0.5 mm/s. The identity of this 
complex is currently unknown. Since Mossbauer parameters can change dramatically with 
minimal changes to the structure of the complex, we were pleased to see the same 
parameters between the homogeneous and We have evidence that the confinement effect 
in UiO-66 is strong enough to alter absorbance spectrum of encapsulated rhodamine 6G 




dye. encapsulated complexes. It appears that Mossbauer is the best tool for determining 
whether an iron complex survives encapsulation. 
 
3.5 Standard Protocol for Characterization of Iron Complexes @ UiO-66 
 After aperture opening encapsulation of an iron complex is completed, the solid 
that results should be washed with THF several times. The supernatant of the encapsulation 
can be tested by NMR spectroscopy for terephthalic acid linkers. The presence of linkers 
would suggest partial MOF decomposition. At least 15 mg of dried solid should be 
analyzed by pXRD to ensure MOF crystallinity, then digested for ICP analysis. The Zr:Fe 
ratio observed by ICP provides information on guest loading. 10 mg of the solid should be 




set aside for IR spectroscopy. No peaks from UiO-66 appear in the region between 750 and 
1050 cm-1 as well as the region between 1800 and 2500 cm-1, making these regions ideal 
for observing stretches from the guest. If IR spectroscopy and pXRD spectroscopy suggest 
no catalyst decomposition, 10 mg of solid should be prepped and analyzed by Mossbauer 
spectroscopy. The Mossbauer spectrum will provide the clearest evidence of guest integrity 
and the IR spectrum could provide the clearest evidence of guest encapsulation, but the 
observations recorded from all of the above techniques should be viewed comprehensively.  
 
3.6 Methods 
General Considerations. Unless otherwise stated, all reactions were performed 
using oven-dried glassware in a nitrogen atmosphere glovebox or using standard Schlenk 
line techniques.11 Solvents including acetonitrile, tetrahydrofuran, and pentane were 
purified by passage through an activated alumina column under a blanket of argon. 
Tetrahydrofuran and pentane were degassed by brief exposure to vacuum. Acetonitrile was 
degassed by freeze-pump-thaw cycling. Methanol was dried over calcium hydride 
followed by vacuum transfer and degassed by freeze-pump-thaw cycling. N,N’-
dimethylformamide was purchased in high purity from VWR and used without further 
purification. All solid reagents were purchased from Aldrich and used without further 
purification. Compressed hydrogen and carbon dioxide (bone dry) cylinders were 
purchased from Airgas. 
 1H nuclear magnetic resonance (NMR) spectra were recorded at ambient 
temperature on Varian VNMRS operating at 400, 500, or 600 MHz. Tetramethylsilane 




for diamagnetic NMR spectra of all compounds are reported as follows: chemical shift 
(multiplicity, coupling constant, integration).  The line listings for paramagnetic 
compounds are reported as chemical shift  (number of protons). Solvent suppressed spectra 
were collected for paramagnetic compounds in THF using the PRESAT macro on the 
VNMR software. All NMR spectra were taken using J. Young tubes. Powder X-ray 
diffraction traces were collected on a Bruker AXS diffractometer with Cu Kα radiation 
(λ=1.5418 Å). All centrifugation steps were performed at 3000 revolutions per minute for 
10 minutes unless otherwise noted. Inductively coupled plasma optical emission 
spectrometry (ICP-OES) was recorded using an Agilent 51000 calibrated using known 
concentrations of standard solutions purchased from Inorganic Ventures. Zero-field 57Fe 
Mössbauer spectra were measured with a constant acceleration spectrometer (SEE Co, 
Minneapolis, MN) at 90 K. Isomer shifts are quoted relative to Fe foil at room temperature. 
Data were analyzed and simulated with Igor Pro 6 software (WaveMetrics, Portland, OR) 
using Lorentzian fitting functions. Samples were prepared by suspending compound in 
sufficient Paratone oil or by dissolving in benzene and immobilizing by rapid freezing in 
liquid nitrogen. 
 
Procedure for Synthesis of UiO-66. Adapted from literature. N,N-
dimethylformamide (10 mL) was added to a glass scintillation vial along with zirconium 
tetrachloride (241.4 mg, 1.036 mmol) and concentrated hydrochloric acid (180 μL) and 
sonicated for five minutes. Additional DMF (15 mL) was added to a second glass 
scintillation vial with terephthalic acid (342.8 mg, 2.063 mmol) and sonicated for five 




tube, sealed shut, and heated at 220°C for 20 hours. The reaction mixture was cooled to 
room temperature, isolated by centrifugation, and washed three times with DMF. After 
soaking overnight in DMF, the solid was isolated by centrifugation and washed three times 
with methanol. After soaking overnight in methanol, the solid was isolated by 
centrifugation, dried overnight in a vacuum chamber, and dried overnight in an oven at 
70°C. (82%) The solid was further dried in a Büchi B-585 Glass Oven under vacuum at 
150°C for 12 hours. Powder X-Ray diffraction traces matched literature precedents. 
 
Procedure for encapsulation of dyes in UiO-66. To a scintillation vial was added 
UiO-66 (15 mg), dye (15 mg), and solvent (15 mL). The vial was sealed, placed in an oil 
bath, and allowed to stir for at least 24 hours. After linker exchange occurs, the mixture 
was cooled and subjected to three cycles of centrifugation, decanting, and refilling with 
solvent. MOF crystallinity was confirmed by pXRD 
 
Procedure for digestion of dyes encapsulated in UiO-66. [Dye]@UiO-66 (5.0 mg) 
was weighed into a small centrifuge vial. DMSO (1 mL) and two drops of hydrofluoric 




acid were added to the vial which was briefly sonicated then let to sit for 16 hours. After 
this time, sodium carbonate was added and once bubbling ceased, the vials were subjected 
to centrifugation. 1 mL of the supernatant was combined with 3 mL of DMSO in a separate 
centrifugation tube, the contents of which was analyzed by UV-Vis absorbance.                                         
 
Procedure for STA analysis. Analysis was carried out using a NETZSCH STA 
449F1 instrument in Al2O3 crucibles. All measurements were taken using air as carrier gas 
and argon as protection gas. Samples were purged with air followed by ramping to 270°C 
at 10°C/min and held at constant temperature for 12 hours. After cooling to room 
temperature, samples were ramped to 900°C at 5°C/min. 
 
Calculation of linkers bound to node from TGA data. The missing linker (x) per 
zirconium-oxo cluster node of UiO-66 was calculated from TGA data according to 
literature procedure.5 
 
Procedure for synthesis of 2,4-bis[(2,6-
dimethylphenyl)imino]pentane.10 (5) 2,4-dimethylaniline (2.2 
equiv), 2,4-pentadione (1.0 equiv), and ethanol (50 mL) were added to a round bottom flask 
equipped with a stir bar and a 180° joint. 12M hydrochloric acid (1.2 equiv) was added 
dropwise to the stirring reaction mixture. The mixture was heated to reflux for three days. 
After cooling, the solvent was removed in vacuo. The resulting solid was suspended in 
hexane, washed through a Buchner funnel then dissolved in dichloromethane. The solution 




extracted with dichloromethane and the organic layers were dried over sodium sulfate, 
filtered and concentrated in vacuo. (4.26g, 96%) 1H-NMR (500 MHz, CDCl3) δ 12.20 (s, 
1H), 7.03 (d, 10Hz, 4H), 6.65 (dd, 5Hz, 10Hz, 2H), 4.87 (s, 1H), 2.15 (s, 12H), 1.69 (s, 
6H) ppm. 
 
Procedure for synthesis of 3-cyano-2,4-bis[(2,6-
dimethylphenyl)imino]pentane.10 (6) A solution of n-butyllithium 
in hexanes (1.4 eq, 2.05 M) was added dropwise to a stirred 
solution of β-diketimine (1 eq) in THF (30 mL) at -78°C. The 
reaction was allowed to warm to room temperature over two hours to afford the lithium 
salt. The resulting yellow suspension was then cooled to -78°C and p-
toluenesulfonylcyanide (1.1 eq) in THF (20 mL) was added dropwise. From this mixture, 
all volatiles were removed under vacuum, and the residue was dissolved in 
dichloromethane. The solution was washed with brine, dried over sodium sulfate, filtered 
and concentrated in vacuo. Precipitation from methanol yielded the product. (1.41g, 59%) 
1H-NMR (400 MHz, CDCl3) δ 7.10 (d, 8Hz, 4H), 7.03 (dd, 4Hz, 8Hz, 2H), 2.07 (s, 12H), 
1.56 (s, 6H) ppm. 
 
Procedure for synthesis of 3-cyano-2,4-bis[(2,6-
dimethylphenyl)imino]pentane  iron(II) chloride complex.10 (2) To 
a round bottom flask equipped with a stir bar and a 180° joint was 
added β-diketimine ligand (1 equiv) and dried pentane. The 




solution of n-butyllithium in hexanes (1.1 equiv, 2.05 M) was added dropwise to the 
mixture. After warming to room temperature, the solvent was removed under vacuum. The 
vessel was sealed and transferred to a nitrogen glovebox, where the solid was collected on 
a frit, washed with pentane, dried, and weighed. The collected ligand was then dissolved 
in THF (10 mL) in a 20 mL glass scintillation vial. To a separate 20 mL glass scintillation 
vial equipped with a stir bar were added iron dichloride (1 equiv) and THF (5 mL). This 
slurry was allowed to stir for ten minutes before the ligand solution was added dropwise. 
Once the contents of the vials fully mixed, the reaction was stirred overnight. The resulting 
mixture was cooled, passed through celite, washed with THF and concentrated under 
vacuum. Washing with pentane yielded the product. (2.2g, 89.44%) 1H-NMR (400 MHz, 
THF) δ -51.34 (2H), -37.25 (6H), 9.02 (4H) ppm.  IR: 2950, 2173, 1574, 1378, 1194, 1039, 
762 cm 1 Mossbauer: δ = 0.9 mm/s, ΔEQ = 2.27 mm/s 
 
Procedure for Encapsulation of Iron Complexes in UiO-66. In a nitrogen glovebox, 
UiO-66 (50 mg) and guest complex (5 mg) were added to a round bottom flask equipped 
with a stir bar and a 180° ground glass joint. Solvent (15 mL) was added to the flask which 
was sealed and removed from the glovebox. The flask was heated to 55 °C and left stirring 
for 24 hours. After cooling, the apparatus was brought into the glovebox and the mixture 
was transferred to centrifuge tubes. After centrifugation and two wash cycles with THF, 
the solid was dried under vacuum and the supernatants concentrated and evaporated. 
 
ICP-OES Standard Preparation. Stock solutions of elements in deionized water 




and lithium (1000 ± 10 ppm). From the stock solutions, four standards were prepared by 
serial dilution using grade A volumetric glassware to cover the expected concentration 
ranges. The standards were used to generate a calibration curve before collecting ICP-OES 
data. These standards consisted of Zr/Fe/Li concentrations in ppm at the following 
concentrations: (1) 250/5/5 (2) 150/2/2 (3) 25/0.5/0.5 (4) 2.5/0.05/0.05 
 
 Digestion of UiO-66 and iron complexes for ICP-OES Analysis. Material to be 
analyzed (5.0 mg) was added to a 1.5 mL Teflon vial. Dimethyl sulfoxide (300 μL) and 15 
wt% hydrofluoric acid in deionized water (one drop)  were added to the vial. The vial was 
briefly sonicated and left to digest for one hour. The samples were then heated to 150°C 
for four hours in a sand bath open to air to remove DMSO. The resulting solid was 
dissolved in 10 vol% hydrochloric acid in deionized water (300 μL) and transferred to a 
glass scintillation vial. Additional deionized water (3.7 mL) was added, the sample was 
filtered over celite, and the resulting solution analyzed by ICP-OES. 
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Chapter 4: Synthesis of Novel UiO-66 MOFs 
4.1 Introduction 
 As mentioned in Chapter 1, MOFs are ideal hosts for guest molecules in part due 
to their synthetic tunability. This Chapter will highlight several novel linkers that can be 
used in UiO-66 synthesis. The syntheses routes for aromatic amino UiO-66 linkers are 
discussed as well as the potential role of a trialklyammonium linker to increase guest 
loading. Also discussed is the synthesis of an aliphatic amino UiO-66 linker that could be 
important in MOF engineering and guest tethering. 
 
4.2 Synthesis of Aromatic Amine UiO-66 Linkers 
The ease by which UiO-66 linkers can be changed provides a powerful handle with 
which the environment around the MOF pore can be altered. In an effort to manipulate the 
driving force of guest encapsulation, a family of novel aromatic amino linkers and 
corresponding MOFs were synthesized according to Scheme 4.1. 2-
aminomethylterephthalate was treated with methyl sulfoxide first to control the degree of 
alkylation and isolate only the methylamino ester1 (step a). The methylamino ester was 
treated with a stronger alkylating agent, methyl iodide, to yield the dimethylamino ester1 
(step b). In both cases, none of the trimethylammonium ester was observed. To synthesize 
the trimethylammonium ester, methyl triflate was used as the alkylating agent 2 (step c). 
Saponification of all dicarboxylic esters to their corresponding carboxylic acids was then 
carried out using KOH in water (step d). Treatment of the mono- and di-alkylamino 
carboxylic acids (5,6) with zirconium tetrachloride, acetic acid, and DMF as solvent 
(standard MOF synthesis conditions) yielded the corresponding UiO-66-X MOFs (step e). 




synthesis conditions UiO-66-NMe3+ was not observed. Instead, only UiO-66-NMe2 was 
isolated as a product. It is possible trialkylammonium terephthalic acid linker (7) or a short 
lived UiO-66-NMe3+ alkylated another molecule in the reaction mixture, perhaps 
alkylating acetic acid molecules that were washed away in workup. By NMR, no unusual 
alkylated products were observed. This preliminary finding could prove to uncover an 
interesting alkylating reagent for future use. To circumvent this issue, UiO-66-NMe3+ (10) 
was synthesized using linker exchange. By mixing virgin UiO-66 with a 30-fold excess of 
trialkylammonium terephthalic acid linker (7), we only observed 20% incorporation of the 
new linker by 1H-NMR. We hypothesized that this value was low due to the large size of 
the triflate counter ion. To overcome this, 200 equivalents of ammonium chloride was 
added to the linker exchange reaction. This resulted in nearly quantitative linker exchange 
and successful formation of UiO-66-NMe3+(10). 
 
Scheme 4.1 Synthesis of various functionalized UiO-66 crystals. a. (MeO)2SO2, K2CO3, 
acetone, 56°C, 16 hrs. b. i. NaH, DMF, -80°C, 1 hr. ii. MeI, DMF, 0°C, 4 hrs. c. MeOTf, 
CH2Cl2, rt, 12 hrs. d. 4% KOH(aq), THF, 66°C, 4 hrs. e. ZrCl4, AcOH, DMF, 120°C, 24 




4.3 Leveraging Coulombic Interaction 
 
 Several studies have been previously conducted using charge to manipulate the 
equilibrium of guests towards encapsulation.3 We hypothesized that the novel cationic 
MOF UiO-66-NMe3+ could incorporate an anionic guest at higher loading than UiO-66-H. 
To test this hypothesis the anionic dye Eosin Y (11) was chosen as a guest and was 
subjected to aperture opening encapsulation with either UiO-66 or UiO-66-NMe3+ (Scheme 
4.2). After a set amount of time, the MOF was isolated and washed extensively to ensure 
removal of surface bound dye. The solid was digested by HF, neutralized with Na2CO3 and 
analyzed by UV-Vis spectroscopy. (Table 4.1) In water, UiO-66-NMe3+ incorporated more 
eosin Y than UiO-66 over one day, from 0.05-0.13 wt%. Over two days, this disparity in 
loading increased from 0.07 wt%-0.24 wt%. In methanol, the opposite trend was initially 
observed with a decrease from 0.09-0.06 wt% dye over one day.  However, after two days, 
the loading increased from 0.08-0.13 wt%. The cationic MOF initially incorporated slightly 
lower amounts of dye than the neutral MOF, but this trend switched at longer periods of 
time. In acetonitrile, the cationic MOF incorporated less dye than the neutral MOF 
regardless of time. The difference in behavior changes dramatically based on the solvent 





choice. This was surprising but consistent with observations we have made in the past 
regarding differences solvents, especially acetonitrile, play on linker exchange reactions. 
 
4.4 Synthesis of Aliphatic Amine UiO-66 Linker 
Additionally, a novel aliphatic amino terephthalic acid linker (17) was synthesized 
with several potential future uses. The synthesis is described below is Scheme 4.3. 2-
methylterephthalate (14), was used as the first starting point for the synthesis of 17, but 
high material cost slowed progress. This was circumvented by synthesizing 14 from m-
xylene. Friedel-Crafts acylation was performed on 12 to yield 2,4-dimethylbenzoic acid 
(13). This compound was oxidized to yield a mixture of desired 2-methylterephthalic acid 
and undesired 4-methylphtalic acid. The mixture of products was subjected to an excess of 
methanol in acidic conditions to yield the corresponding esters. The esters were separated 
by column chromatography to isolate compound 14. Compound 14 was treated with AIBN 
and N-bromosuccinimide to yield the aminated compound 15. This compound was carried 





onto the next step without purification. Treatment with methylamine reduced the amide 
yielding compound 16 and the synthesis of linker 17 was completed after saponification. 
17 can be a steppingstone for synthesis of a family of aliphatic amine MOFs analogous to 
those shown in scheme 4.1. The amine groups on the MOFs that form would have increased 
degrees of freedom and the resulting effect on the driving force of guest encapsulation 
could be further researched. The aliphatic amine group on MOF 18 can also be a handle by 
which molecules could be tethered to MOF pores through, for example, click chemistry.4,5 
This possibility is intriguing as it could provide spatial control of guests to specific areas 
of UiO-66. This would push us one step closer to complete engineering control over a 
hybrid MOF catalyst.  
4.5 Conclusion 
It is promising that a cationic MOF can incorporate an anionic guest at greater 
loadings than a neutral MOF. This is our groups’ first demonstration of manipulating 
columbic interaction to increase loading but is a good starting point for investigating other 
ways to manipulate driving forces behind encapsulation. The difference in cationic MOF 
Scheme 4.3. Synthesis of novel aliphatic amino UiO-66-CH2NH2. a. AlCl3, Zn, CO2, 
40°C, 30 hrs. b. KMnO4, NaOH, THF, 66°C, 5 hrs. c. MeOH, H2SO4, 65°C, 12 hrs. d. 
NBS, AIBN, benzene, 90°C, 12 hrs. e. CH3NH2, EtOH, 78°C, 2 hrs. f. 4% KOH(aq), THF, 




behavior in different solvents was unexpected and requires a deeper investigation to draw 
conclusions or fully understand. In addition to the cationic MOF UiO-66-NMe3+, the other 
amine MOFs reported in this chapter may prove to be very useful in engineering the 
structure of a MOF crystal. The aliphatic amine MOF could be tethered to a catalytic guest 
via click chemistry and could comprise the center of a MOF crystal. Virgin UiO-66 could 
be grown surrounding the amino UiO-66 center, directing guests to preferentially interact 
with catalysts encapsulated in the outer pores before interacting with the tethered internal 
catalyst. Many such engineering strategies for substrate manipulation can now be 
investigated using these new MOF structures. 
 
4.6 Methods 
General Considerations. Unless otherwise stated, all reactions were performed 
using oven-dried glassware in a nitrogen atmosphere glovebox or using standard Schlenk 
line techniques.11 Solvents including acetonitrile, tetrahydrofuran, and pentane were 
purified by passage through an activated alumina column under a blanket of argon. 
Tetrahydrofuran and pentane were degassed by brief exposure to vacuum. Acetonitrile was 
degassed by freeze-pump-thaw cycling. Methanol was dried over calcium hydride 
followed by vacuum transfer and degassed by freeze-pump-thaw cycling. N,N’-
dimethylformamide was purchased in high purity from VWR and used without further 
purification. All solid reagents were purchased from Aldrich and used without further 
purification. Compressed hydrogen and carbon dioxide (bone dry) cylinders were 




 1H nuclear magnetic resonance (NMR) spectra were recorded at ambient 
temperature on Varian VNMRS operating at 400, 500, or 600 MHz. Tetramethylsilane 
((CH3)4Si: 0.0 ppm) was used as an internal reference for 1H NMR spectra. The line listings 
for diamagnetic NMR spectra of all compounds are reported as follows: chemical shift 
(multiplicity, coupling constant, integration).  The line listings for paramagnetic 
compounds are reported as chemical shift  (number of protons). Solvent suppressed spectra 
were collected for paramagnetic compounds in THF using the PRESAT macro on the 
VNMR software. All NMR spectra were taken using J. Young tubes. Powder X-ray 
diffraction traces were collected on a Bruker AXS diffractometer with Cu Kα radiation 
(λ=1.5418 Å). All centrifugation steps were performed at 3000 revolutions per minute for 
10 minutes unless otherwise noted. Inductively coupled plasma optical emission 
spectrometry (ICP-OES) was recorded using an Agilent 51000 calibrated using known 
concentrations of standard solutions purchased from Inorganic Ventures. 
 
Procedure for Synthesis of UiO-66. Adapted from literature. N,N-
dimethylformamide (10 mL) was added to a glass scintillation vial along with zirconium 
tetrachloride (241.4 mg, 1.036 mmol) and concentrated hydrochloric acid (180 μL) and 
sonicated for five minutes. Additional DMF (15 mL) was added to a second glass 
scintillation vial with terephthalic acid (342.8 mg, 2.063 mmol) and sonicated for five 
minutes. The contents of both vials were combined in a 45 mL Teflon-lined steel autoclave 
tube, sealed shut, and heated at 220°C for 20 hours. The reaction mixture was cooled to 
room temperature, isolated by centrifugation, and washed three times with DMF. After 




with methanol. After soaking overnight in methanol, the solid was isolated by 
centrifugation, dried overnight in a vacuum chamber, and dried overnight in an oven at 
70°C (82%). The solid was further dried in a Büchi B-585 Glass Oven under vacuum at 
150°C for 12 hours. Powder X-Ray diffraction traces matched literature precedents.  
 
Procedure for Synthesis of UiO-66- NHMe.1 N,N-dimethylformamide (10 mL) was 
added to a glass scintillation vial along with zirconium tetrachloride (1.0 mmol) and 
concentrated acetic acid (5 mL) and sonicated for five minutes. Additional DMF (15 mL) 
was added to a second glass scintillation vial with functionalized terephthalic acid (1.0 
mmol) and sonicated for five minutes. The contents of both vials were combined in a 45 
mL Teflon-lined steel autoclave tube, sealed shut, and heated at 120°C for 24 hours. The 
reaction mixture was cooled to room temperature, isolated by centrifugation, and washed 
three times with DMF. After soaking overnight in DMF, the solid was isolated by 
centrifugation and washed three times with methanol. After soaking overnight in methanol, 
the solid was isolated by centrifugation, dried overnight in a vacuum chamber, and dried 
overnight in an oven at 70°C. (80%) The solid was further dried in a Büchi B-585 Glass 
Oven under vacuum at 150°C for 12 hours. Powder X-Ray traces matched literature 
precedents for UiO-66 MOFs. Digestion samples and 1H-NMR analysis confirmed 
synthesis. 
 
Procedure for Synthesis of UiO-66-NMe21. N,N-dimethylformamide (10 mL) was 
added to a glass scintillation vial along with zirconium tetrachloride (1.0 mmol) and 




was added to a second glass scintillation vial with functionalized terephthalic acid (1.0 
mmol) and sonicated for five minutes. The contents of both vials were combined in a 45 
mL Teflon-lined steel autoclave tube, sealed shut, and heated at 120°C for 24 hours. The 
reaction mixture was cooled to room temperature, isolated by centrifugation, and washed 
three times with DMF. After soaking overnight in DMF, the solid was isolated by 
centrifugation and washed three times with methanol. After soaking overnight in methanol, 
the solid was isolated by centrifugation, dried overnight in a vacuum chamber, and dried 
overnight in an oven at 70°C (78%). The solid was further dried in a Büchi B-585 Glass 
Oven under vacuum at 150°C for 12 hours. Powder X-Ray traces matched literature 
precedents for UiO-66 MOFs. Digestion samples and 1H-NMR analysis confirmed 
synthesis. 
 
Procedure for Synthesis of UiO-66-CH2NH2. N,N-dimethylformamide (10 mL) 
was added to a glass scintillation vial along with zirconium tetrachloride (1.0 mmol) and 
concentrated acetic acid (5 mL) and sonicated for five minutes. Additional DMF (15 mL) 
was added to a second glass scintillation vial with functionalized terephthalic acid (1.0 
mmol) and sonicated for five minutes. The contents of both vials were combined in a 45 
mL Teflon-lined steel autoclave tube, sealed shut, and heated at 120°C for 24 hours. The 
reaction mixture was cooled to room temperature, isolated by centrifugation, and washed 
three times with DMF. After soaking overnight in DMF, the solid was isolated by 
centrifugation and washed three times with methanol. After soaking overnight in methanol, 
the solid was isolated by centrifugation, dried overnight in a vacuum chamber, and dried 




Oven under vacuum at 150°C for 12 hours. Powder X-Ray traces matched literature 
precedents for UiO-66 MOFs. Digestion samples and 1H-NMR analysis confirmed 
synthesis.  
 
 Procedure for Synthesis of UiO-66-NMe3+ via linker exchange. Synthesized UiO-
66-NMe2 (1 equiv) was added to a glass scintillation vial along with BTC-NMe3OTf (30 
equiv), ammonium chloride (200 eq) and methanol (15 mL). The mixture was sonicated 
for five minutes. The vial was then sealed and placed in an oil bath heated to 55 °C for 48 
hours. The mixture was cooled to room temperature, then the solid was isolated by 
centrifugation and washed with water three times. The solid was dried in a Büchi B-585 
Glass Oven under vacuum at 150°C for 12 hours. Powder X-Ray traces matched literature 
precedents for UiO-66 MOFs. Digestion samples and 1H-NMR analysis confirmed 
exchange of linkers. 
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Procedure for encapsulation of dyes in UiO-66. To a scintillation vial was added 
UiO-66 (15 mg), dye (15 mg), and solvent (15 mL). The vial was sealed, placed in an oil 
bath, and allowed to stir for at least 24 hours. After linker exchange occurs, the mixture 
was cooled and subjected to three cycles of centrifugation, decanting, and refilling with 
solvent. MOF crystallinity was confirmed by pXRD 
 
Procedure for synthesis of 2-(methylamino)terephthalate. 1 
(2) To a round bottom flask equipped with a stir bar and a reflux 
condenser was added dimethyl-2-aminoterephalate (5 g, 25 mmol), 
dimethyl sulfate (7 mL, 75 mmol), potassium carbonate (10.4 g, 75 mmol) and acetone (75 
mL). The mixture was stirred at reflux for 16 hours. The solvent was removed under 
vacuum. Water was added to dissolve the inorganic salt, then the solution was extracted 
with ethyl acetate, dried over magnesium sulfate, filtered, and evaporated. The solid 
mixture was separated by column chromatography (10% EtOAc/hexanes) and the ester 




product was isolated as a bright yellow solid. 1H-NMR (CDCl3, 500 MHz) δ 7.91 (d, 15 
Hz 1H), 7.32 (s, 1H), 7.18 (s, 1H), 3.90 (s, 3H), 3.85 (s, 3H), 2.94 (s, 3H) ppm. 
 
Procedure for synthesis of 2-(methylamino)terephthalic 
acid.1 (5) To a round bottom flask equipped with a stir bar and a 
reflux condenser was added 2-(methylamino)terephthalate (1.22 g, 
10 mmol) and THF (50 mL). To this solution, 50 mL of a 4% KOH aqueous solution was 
added dropwise. The mixture was stirred under reflux for four hours. The solvent was 
removed under vacuum and the mixture was acidified with 1.0 M HCl until a pH of 2.0 
was obtained. The precipitate was collected by filtration, washed with water and dried. 1H-
NMR (DMSO-d6, 400 MHz) δ 7.86 (d, 1H), 7.21 (d, 1H), 7.09 (dd, 1H), 2.87 (s, 3H) ppm. 
 
Procedure for synthesis of 2-
(dimethylamino)terephthalate.1 (3) In a nitrogen glovebox, sodium 
hydride (308 mg, 13 mmol) was added to a two neck round bottom 
flask equipped with at 180° joint and a stir bar. The flask was removed from the box, 
attached to a Schlenk line, and cooled to 80 °C. 2 mL of DMF was added. To the mixture 
a solution of 2-(methylamino)terephthalate (3 g, 13 mmol) in DMF (5 mL) was added 
dropwise and let to stir at 0 °C for one hour or until complete color change from yellow to 
red. Iodomethane (4.15 mL, 66 mmol) was added and left to stir at room temperature for 
four hours. The reaction was quenched by water, extracted with EtOAc, washed with brine, 




column chromatography (10% EtOAc, hexanes). 1H-NMR (CDCl3, 400 MHz) δ 7.71 (d, 
8Hz, 1H) 7.69 (s, 1H), 7.52 (d, 4Hz, 1H), 3.94 (s, 3H), 3.93 (s, 3H), 2.94 (s, 6H) ppm. 
 
Procedure for synthesis of 2-(dimethylamino)terephthalic 
acid.1 (6) To a round bottom flask equipped with a stir bar and a 
reflux condenser was added 2-(dimethylamino)terephthalate (475 
mg, 2 mmol) and THF (10 mL). To this solution, 10 mL of a 4% KOH aqueous solution 
was added dropwise. The mixture was stirred under reflux for four hours. The solvent was 
removed under vacuum and the mixture was acidified with 1.0 M HCl until a pH of 2.0 
was obtained. The precipitate was collected by filtration, washed with water and dried. 1H-
NMR (DMSO-d6, 500 MHz) δ 7.96 (s, 1H), 7.90 (d, 10Hz, 1H), 7.71 (d, 10Hz, 1H), 2.83 
(s, 6H) ppm. 
 
Procedure for synthesis of 2-
(trimethylamino)terephthalate. (4) Adapted from literature.2 
To a round bottom flask equipped with a stir bar was added 2-
(dimethylamino)terephthalate (2.4 g, 10 mmol), methyl triflate (1.8 g, 11 mmol) and 
dichloromethane (40 mL). The mixture was left to sit at room temperature for 12 hours. 
The solution was extracted with water and the aqueous layers were collected and 
evaporated to yield the ester product. 1H-NMR (DMSO-d6, 400 MHz) δ 8.44 (s, 1H), 8.22 





Procedure for synthesis of 2-(trimethylamino)terephthalic 
acid. (7) Adapted from literature.1 To a round bottom flask equipped 
with a stir bar and a reflux condenser was added 2-
(trimethylamino)terephthalate (1 g, 2.5 mmol) and THF (40 mL). To this solution, 40 mL 
of a 4% KOH aqueous solution was added dropwise. The mixture was stirred under reflux 
for four hours. The solvent was removed under vacuum and the mixture was acidified with 
1.0 M HCl until a pH of 4.0 was obtained. The inorganic impurities were removed by 
filtration and the aqueous layer was removed by vacuum to obtain the product. 1H-NMR 
(D2O, 400 MHz) δ 8.29 (s, 1H), 8.07 (d, 15 Hz, 1H), 7.50 (d, 10Hz, 1H), 3.68 (s, 9H) ppm. 
 
Procedure for synthesis of 2,4-dimethyl benzoic acid.6 (13) In a 
glovebox atmosphere m-xylene (40 mL, 325 mmol) aluminum 
trichloride (2.5 g, 19 mmol) and zinc (1.23 g, 19 mmol) were added to round bottom flask 
equipped with stirring. The flask was placed inside a Parr reaction vessel, sealed, and 
removed from the glovebox. The vessel was filled with 57 bar of CO2, heated to 40°C and 
left to react for 30 hours. The reaction was stopped by cooling and depressurizing, and 
water was added to the reaction mixture. The products were extracted with either and the 
acid transferred to the aqueous phase by extraction with 10% NaOH. The pH of the 
collected NaOH extract was adjusted to 1 by adding aqueous HCl and the mixture was 
placed in an ice bath. Precipitated white crystals were filtered and dried. 1H-NMR (CDCl3, 






Procedure for synthesis of dimethyl-2-
methyllterephthalate.7 (14) To a round bottom flask equipped with 
stirring, sodium hydroxide (266 mg, 6.66 mmol) and water (100 
mL) were added. 2,4-dimethyl benzoic acid (1g, 6.66 mmol) and potassium permanganate 
(2.2g, 13.9 mmol) were added in sequence and the mixture was heated to 70°C for four 
hours. The mixture was filtered, and the filtrate was acidified to pH = 2 using HCl. The 
resulting white precipitate was filtered, washed with water and dried under vacuum. The 
resulting crude mixture of carboxylic acids underwent no further purification. The solid 
was transferred to a round bottom flask equipped with stirring and an excess of methanol 
was added. Sulfuric acid (2 mL) was added dropwise and the reaction was heated to reflux 
for 12 hours. After cooling to room temperature, the mixture was neutralized with sodium 
hydroxide, extracted with diethyl ether, dried over sodium sulfate, filtered, and evaporated 
to yield a mixture of methyl esters. The desired product was isolated by column 
chromatography (10% EtOAc/hexanes) to yield off-white crystals. 1H-NMR (CDCl3 400 
MHz) δ 7.94 (s, 1H), 7.92 (d, 4Hz, 1H), 7.87 (d, 8 Hz, 1H), 3.96 (s, 3H), 3.93 (s, 3H), 2.65 
(s, 3H) ppm. 
 
Alternative procedure for synthesis of dimethyl-2-
methylterephthalate.8  (14) To a round bottom flask equipped with 
a stir bar and a reflux condenser was added 2-methylterephthalic 
acid (200 mg, 1.1 mmol), methanol (4 mL) and sulfuric acid (1.11 mmol). The reaction 
mixture was heated to reflux and let to stir for 12 hours. After cooling to room temperature, 




sodium sulfate, filtered, and evaporated. 1H-NMR (CDCl3, 400 MHz) δ 7.95 (s, 1H), 7.94, 
(d, 1H), 7.90 (d, 1H), 3.94 (s, 3H), 3.93 (s, 3H) ppm. 
 
Procedure for synthesis of dimethyl 2-((2,5-
dioxopyrrolidin-1-yl)methyl)terephthalate.8 (15) To a round 
bottom flask equipped with stirring and a reflux condenser was 
added dimethyl-2-methylterephthalte (100 mg, 0.48 mmol), N-
bromosuccinimide (128 mg, 0.72 mmol), AIBN (24 mg, 0.14 mmol), and benzene (5 mL). 
The reaction mixture was allowed to stir at reflux for 12 hours before being cooled and 
evaporated. The crude mixture was dissolved in dichloromethane and filtered. The mixture 
was concentrated, and the next step was performed without further purification. 1H-NMR 
(CDCl3, 400 MHz) δ 8.13 (s, 1H), 8.05-8.02 (m, 2H), 4.96 (d, 8Hz, 2H), 3.97 (s, 3H), 3.95 
(s, 3H) ppm. 
 
Procedure for synthesis of 2-(aminomethyl)terephthalate. 
(16) Adapted from literature. 9 To a round bottom flask equipped 
with stirring was added dimethyl-2-((2,5-dioxopyrrolidin-1-
yl)methyl)terephthalate (1g, 3.28 mmol), a 40% solution of methylamine in water (113 mL, 
3.28 mmol), and ethanol (20 mL). After stirring at reflux at one hours, the solvent was 
removed under reduced pressure. The crude product was suspended in 50 mL of absolute 
ethanol and the suspension was stirred at room temperature for one hour. The solid was 
filtered and washed with ethanol to afford the product.  1H-NMR (DMSO-d6, 500 MHz) δ 





Procedure for synthesis of 2-(aminomethyl)terephthalic 
acid. (17) Adapted from literature 1. To a round bottom flask  
equipped with a stir bar was added dimethyl 2-((2,5-
dioxopyrrolidin-1-yl)methyl)terephthalate (118 mg, 0.39 mmol), and THF (40 mL). To this 
solution, 40 mL of a 4% KOH aqueous solution was added dropwise. The mixture was 
stirred under reflux for four hours. The solvent was removed under vacuum and the mixture 
was acidified with 1.0 M HCl until a pH of 2.0 was obtained. The precipitate was collected 
by filtration, washed with water and dried. 1H-NMR (DMSO-d6, 500 MHz) δ 7.94 (s, 1H), 
7.89 (d, 5Hz, 1H), 7.87 (d, 5Hz, 1H), 4.93 (s, 2H) ppm. 
 
Procedure for STA analysis. Analysis was carried out using a NETZSCH STA 
449F1 instrument in Al2O3 crucibles. All measurements were taken using air as carrier gas 
and argon as protection gas. Samples were purged with air followed by ramping to 270°C 
at 10°C/min and held at constant temperature for 12 hours. After cooling to room 
temperature, samples were ramped to 900°C at 5°C/min 
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 The study to increase guest loadings in UiO-66 revealed aspects of and guidance 
for manipulating the driving force behind aperture opening encapsulation. At the current 
stage, performing encapsulations where guest concentration is greater than its solubility 
limit remains the most powerful tool for increasing guest loading. Modifying linkers to 
take advantage of properties such as columbic interaction is also a promising tool towards 
this end. The various, novel linkers and subsequent MOFs synthesized Chapter Three open 
the door for engineering possibilities such as tethering guests to MOF linkers. Future 
studies in this area should be towards gaining control over strategical aspects of the hybrid 
material. In my opinion, the most notable of these is spatial control over guest 
encapsulation. Dictating a specific area of the MOF crystal as hosts for specific guests will 
provide an unprecedented level of control for host-guest catalysts. In a similar vein, 
tailoring MOF synthesis to engineer channels and/or cavities should be of primary 
importance. Achieving control over MOF composition in this way will open doors to 
optimizing active sites, similar to enzymatic pockets.  
 The protocol discussed in Chapter Three should now be applied as the standard for 
characterization of iron complexes encapsulated in MOFs. So far, this protocol has only 
been used to characterize molecules whose structures are known. The true test of this 
protocol will challenge its capability of characterizing an unknown guest encapsulated in 
a MOF. The best way to do this is to perform reactions such as reduction or ligand exchange 
on an encapsulated guest and observe whether the techniques stated in the protocol yield a 




iron complexes in MOFs that would be otherwise not isolable. If such complexes can be 




























Figure A.1 1H-NMR spectrum of chapter 2 compound 1a 
Chapter 2, 1a 
1H-NMR spectrum,  
400 MHz, C6D6 
Chapter 2, 1b 
1H-NMR spectrum,  
400 MHz, C6D6 





Chapter 3, 5 
1H-NMR spectrum,  
500 MHz, CDCl3 
Figure A.3 1H-NMR spectrum of chapter 3 compound 5 
Chapter 3, 6 
1H-NMR spectrum,  
400 MHz, CDCl3 











Chapter 4, 2 
1H-NMR spectrum,  
500 MHz, CDCl3 
Figure A.6 1H-NMR spectrum of chapter 4 compound 2 
Figure A.5 1H-NMR spectrum of chapter 3 compound 2. Spectra was 
recorded using solvent suppression. 
Chapter 3, 2 
1H-NMR spectrum,  





Chapter 4, 3 
1H-NMR spectrum,  
400 MHz, CDCl3 
Figure A.7 1H-NMR spectrum of chapter 4 compound 3 
Chapter 4, 6 
1H-NMR spectrum,  
500 MHz, DMSO-d6 


























Chapter 4, 4 
1H-NMR spectrum,  
400 MHz, CDCl3 
Figure A.9 1H-NMR spectrum of chapter 4 compound 4 
Chapter 4, 7 
1H-NMR spectrum,  
500 MHz, D2O 





Chapter 4, 14 
1H-NMR spectrum,  
400 MHz, CDCl3 
Figure A.11 1H-NMR spectrum of chapter 4 compound 14 
Chapter 4, 15 
1H-NMR spectrum,  
400 MHz, CDCl3 





 Chapter 4, 17 
1H-NMR spectrum,  
500 MHz, DMSO-d6 
Figure A.13 1H-NMR spectrum of chapter 4 compound 17 
